Olive Pomace (OP) is the main agricultural by-product of olive industry; because of its nature, it is a major environmental issue for all the olive-producing countries. Research on the waste-management issues of OP has been active over the last decade. The data presented in the present review suggest that OP could be exploited as an alternative dietary lipid source in compounded fish feeds resulting in the formulation of functional fish feeds and aquacultured fish according to the EU legislation (EC 1924(EC /2006. Moreover OP can also be used in agriculture by inclusion in animal feeds without attenuating animal performance and meat quality.
Introduction
The steadily increase of global population -it is likely to plateau at 9 billion people by roughly the middle of this century -results in higher food consumption and increased demand for processed food, meat, dairy and fish (Charles et al., 2010) . At the same time the biggest challenge for food industries and scientists is to develop environmentally sustainable procedures of food production reinsuring food security and suppressing environmental pollution.
For this reason food chain management practices have to be altered using a more holistic approach, i.e. could the by-products of one production area be used as raw ingredients in another one? To answer this question, a fresh approach is required that combines thoughtful resource management with the ultimate aim that the final product can satisfy the human population's needs in terms of quantity but also meet the customers' wishes for advanced sensory properties (i.e. odour, taste and aftertaste) and nutritional value.
In terms of food security in aquaculture, it is necessary to overcome the obstacle of fish oil dependence on the sustainable production of fish feed. Currently, one million tonnes of fish oil are produced on an annual basis (Pike & Jackson, 2010) , while 40% and 60% of the global production of fish meal and fish oil, respectively, are used in aquaculture (Nasopoulou & Zabetakis, 2012) . Salmonid diets alone consumed over 55% of the fish oil used by the aquaculture sector in 2006 (Jackson, 2007) . About 50% of world marine fish stocks have recently been estimated as fully exploited, 32% as overexploited and only 15% as under-exploited (FAO, 2010) . These exploitation data suggest that the diminishing levels of available wild fish worldwide combined with the fact that aquacultured carnivorous species require large amounts of wild fish in their feed (Naylor et al., 2000) create an emerging necessity to improve our resource management practices. New, alternative, lipid sources need to be identified and valorised in order to achieve sustainable production of fish feeds, enabling further development of aquaculture applications. Such a promising lipid source could be olive pomace (OP).
OP has also been proposed as an alternative source of nutrients for domestic animal feeding (Sansoucy, 1985) , while the advantages of using agricultural by-products such as OP in livestock feeding are not only on minimizing environmental pollution, but also reducing dependency on highly expensive ingredients such as grains and roughages (Grasser, Fadel, Garnett, & Depeters, 1995) .
OP's Sources and Nutritional Value
OP is one of two major by-products of the olive oil extraction industry when using the three-phase centrifugal technology, the other being the olive mill waste water (OMWW) (Brunetti, Plaza, & Senesi, 2005; Cardoso, Silva, & Coimbra, 2002) . Thus OP is a natural agricultural by-product of olive oil production. The modern two-phase centrifugal extraction technology -a more efficient and environmentally friendly centrifugation process -merges OP with OMWW to produce a single by-product named olive mill waste (OMW), containing higher moisture and lower oil content compared to the traditional three-phase centrifugal technology by-product (Alburquerque, Gonzalvez, Garcia, & Cegarra, 2004) .
The annual production of olive oil is estimated to be 2.9 million tonnes with some 15 million tonnes of OMW being produced annually (Roig, Cayuela, & Sánchez-Monedero, 2006) . In Mediterranean countries, the production of olives has been a major part of the agricultural produce of these countries for many decades (if not centuries). For every 100 kg of olives, 35 kg of OP are produced; it could, thus, be suggested that the production of OMW and OP are sustainable and the availability of OP for use in any type of feed production and thus aquaculture should not be a problem.
The price of OP is €0.1-0.2/kg, rendering it as price competitive compared to other vegetable oils. This cost linked to the fact that 4-8% of OP is needed to be included in the fish feed formulation make OP as a promising lipid source for aquaculture. The problem of transferring OP from Mediterranean countries to Northern Europe or to other places of the world could be rationalised by extracting the polar lipids of OP that they are the active feed components and therefore reducing the volume of material that needs to be transported.
The chemical composition of OMWW and the percentage of fatty acids are given in Tables 1a and 1b, respectively. OP's oil and water content depends on the process applied and on the operating conditions; it contains about 8% oil and the recovery of oil is carried out by extraction with solvent. In order to make the oil edible, OP has to be deacidified, bleached and deodorized (Di Giovacchino, 1996) . After refining, refined OP oil is mixed with virgin olive oil and is thus eligible for the commercial class of OP oil as defined by European Community (EC) Regulation No. 356/92 (Official Journal of EC, 1992) . This process is needed only in the case of rendering OP as edible for human consuption and it is not required in animal and fish feed applications, such the ones proposed in this review paper.
OP retains a small amount of olive oil and consists mainly of water, olive skin, olive flesh, fragments of pulp and pieces of kernels. OP chemical composition is generally characterized by a high content of crude fiber and sugars (mainly polysaccharides) and moderate values of crude protein, fatty acids (oleic acid 18:1ω-9), polyalcohols, polyphenols and other pigments (Borja, Martín, Rincón, & Raposo, 2003; Brunetti et al., 2005; Muik, Lendl, Molina-Díaz, Pérez-Villarejo, & Ayora-Cañada, 2004; Saviozzi, Levi-Minzi, Cardelli, Biasci, & Riffaldi, 2001) . A variety of substances with proven antioxidant and radical scavenging activity, such as hydroxytyrosol (3, 4 -DHPEA), tyrosol (p-HPEA) and their secoiridoid derivatives (dialdheydic form of decarboxymethyl elenolic acid, 3, 4 -DHPEA-EDA or p-HPEA-EDA) as well as verbascoside, is also contained in OP (Amro, Aburjai, & Al-Khalil, 2002) However, the chemical composition of OPs may vary widely in relation to the agronomic and technological conditions of production. Additionally, the olive cultivar is one of the most important factors that affect the phenolic content of olive oil and by-products (Martín García, Moumen, Yáñez Ruiz, & Molina-Alcaide, 2004; Servili et al., 2011) .
The ability of OP's long-chain fatty alcohols to inhibit the release of different pro-inflammatory mediators has been studied in vitro, using cells involved in inflammatory processes (Fernández-Arche et al., 2009 ). More specifically, OP's alcohols inhibited the induced nitric oxide synthetase expression and thus the levels of nitric oxide but also they reduced tumor necrosis factor-α (TNF-α) and the production of prostaglandin E 2 .
The effect of diets supplemented with fish oil (FO), refined olive oil (ROO) and pomace olive oil (POO) was studied using weaned male Swiss albino mice and it was found that ROO and POO significantly reduced the production of hydrogen peroxide and the generation of nitric oxide (De la Puerta, Marquez-Martin, Fernandez-Arche et al., 2009) . It could thus be suggested that OP helps the prevention of cellular oxidative stress and inflammation. In another study, the effects of long-term intake of diets enriched in POO on endothelial dysfunction associated to hypertension in small mesenteric arteries have been evaluated (Rodriguez-Rodriguez, Herrera, Alvarez de Sotomayor, & Ruiz-Gutierrez, 2009 ). The authors have suggested that consumption of POO improves the endothelial function in these arteries. The effect of OP's polyphenol extracts, on endothelial cells subjected to anoxia, has also recently been studied (Palmieri et al., 2012) ; it was concluded that this extract has the www.ccsenet.org/jas Journal of Agricultural Science Vol. 5, No. 7; ability to restore the endothelial functions that are impaired by anoxia by regulating the genes expression that are involved in proteolysis, angiogenesis and inflammation. Apart from these studies on extracts of OP, the nutritional value of OP has been evaluated in terms of atheroprotective activity against Platelet Activating Factor (PAF) (namely PAF-inhibitors) (Karantonis et al., 2008) . PAF is a phospholipid mediator implicated in atherogenesis (Demopoulos, Karantonis, & Antonopoulou, 2003) . When PAF levels are increased in blood, that occur both in pathological inflammatory conditions and during oxidative stress through low density lipoprotein (LDL) and membrane phospholipid oxidation, the initiation of atherosclerosis occurs. Food constituents that can act as PAF-inhibitors or antagonists have the potential to retard the onset of atherosclerosis and the subsequent development of cardiovascular diseases (CVDs). Thus, the presence of PAF-inhibitors or PAF-antagonists in OP is very important in terms of cardio-protection. It was found in vitro that OP contains polar lipids compounds that inhibit or antagonize PAF and thus OP could be valorized in the production of food with higher nutritional value (Karantonis et al., 2008) .
Further studies on OP have shown that the polar lipids of OP possess in vivo antiatherogenic properties since they contain PAF specific antagonists with similar bioactivity to those of olive oil. These bioactive microconstituents inhibit both specific PAF binding and PAF activity (in vitro and in vivo), consequently inhibiting early atherosclerosis development (Tsantila et al., 2007) . The beneficial effect of OP polar lipids extract on the atherogenic progress (dyslipidemia and lesions) has also been studied (Tsantila et al., 2010) ; it was demonstrated that the polar lipids of OP exert cardioprotective effects comparable to those of simvastatin. This result coupled with the cost-effectiveness of OP polar lipids extraction warrants further investigation of the anti-atherogenic potential of this OP extract and its potential as a fish feed ingredient in aquaculture. All the above mentioned studies are summarised in Table 2 . 
Aquacultural Potential
One of the basic dietary ingredients in compounded fish feeds for carnivorous marine fish is fish oil due to its high digestibility and sufficient content of essential fatty acids, in particular ω-3 PUFA. Fish oil substitution in fish feeds has come to the forefront only recently, especially when fish feeds production used approximately 75% of the world fish oil production in 2010. In the next ten years, fish oil production may not cover the total necessary quantity for aquaculture. In order to reduce dependence on fish oil, significant breakthroughs have occurred over the past few years in replacing it with plant oils and all these papers have been recently critically evaluated (Nasopoulou & Zabetakis, 2012) . Regarding the use of OP in fish feeds, the relevant reports are presented here.
The effects of dietary OP oil and L-carnitine on growth and chemical composition of African catfish (Clarias gariepinus) have been reported (Yilmaz, Naz, & Akyurt, 2004) , where two different energy diets (a high one with 9% OP oil and a low one with 3% OP oil) were tested in conjunction with the supplementation or not of L-carnitine.
www Vol. 5, No. 7; The fish fed the low energy diet and supplemental L-carnitine had better feed intake and growth. L-carnitine was found to increase total lipids in the muscle and decrease total lipids in the liver. The feeding experiment was carried out for 49 days. The most efficient diets were found to be the ones with 3% OP oil and these are summarized in Tables 3 and 4. Olive mill waste water (OMWW at two different ratios (1% and 5%) was supplemented in the diet of rainbow trout (Onchorynchus mykyss) for 94 days. At the end of the trial, fish were analysed for their fatty acid content (Table 4 ). An electronic nose was also used in order to assess the flesh quality. It was found that OMWW diets could enrich the "freshness" odour of the fish flesh. No negative effects were observed on fish growth and feed digestibility and it was thus concluded that OMWW can be used in the manufacture of trout feed (Sicuro et al., 2010) . FCR : feed conversion rate = total feed supplied (g of dry mass) / weight gain (g).
PER : protein efficiency ratio = weight gain (g) / total protein fed (g). OP has also been reported as a partial replacement of fish oil (FO) in gilthead sea bream (Sparus aurata) where it was found that feeding of OP to fish results in an improvement in its ability to prevent atherogenesis and therefore heart diseases (Nasopoulou et al., 2011) . The growth performance factors of gilthead sea bream fed with FO diet in comparison with gilthead sea bream fed with OP exhibited no statistical differences regarding feed conversion ratios and specific growth rates. The levels of saturated (especially 16:0 and 18:0), monoenes (especially 18:1 cis), ω-3 (20:5, EPA and 22:6, DHA) and ω-6 (18:2) fatty acids of the fish fed with OP diet were found statistically decrease (p < 0.05) compared to the fish fed with FO diet. However this reduction in fatty acid content in gilthead sea bream fed with OP diet did not limit its biological activity. In fact, the biological activity against atheromatosis (expressed as Inhibitory Concentration for fifty percent inhibition, IC 50 , in mg of total lipids) of the sea bream fed with OP was found about 6 times higher than the corresponding activity of fish fed with FO diet (0.005 as opposed to 0.032) (Nasopoulou et al., 2011) .
In practical terms, IC 50 stands for the biological activity of the samples to inhibit by 50% the maximum reversible PAF-induced platelet aggregation, thus the lower the IC 50 value of a food component observed, the more potent in cardioprotective terms (against atheromatosis and the prevention of CVDs) this food component is (Nasopoulou et al., 2011) . It is worth mentioning that gilthead sea bream metabolized satisfactorily OP resulting in fish with statistically significant (p < 0.05) increased (more than six times) biological activity against atheromatosis and thus improved nutritional value. It is also worthy to note that gilthead sea bream fed with OP diet had a statistically decreased content (p < 0.05) of EPA and DHA in comparison with the sea bream fed the FO diet. Thus, it could also be suggested that the cardio protective properties of the fish may not be directly linked to the fatty acid content but to the presence of lipid microconstituents originating from OP (Nasopoulou et al., 2011) . This fact could possibly help aquaculturists, food scientists and nutritionists to re-assess the true benefits and the mechanism of action of ω-3 fatty acids and clarify the existing literature discrepancies on the role of ω-3 fatty acids (Begg et al., 2012) .
The association of ω-3 fatty acids and CVDs has also been revised recently by evaluating all randomized trials on the supplementation of omega-3 PUFAs to adults; in this review, the results of 20 studies on 68.680 patients were evaluated and ω-3 fatty acids were not found to be statistically significantly associated with CVDs in various patient populations (Rizos, Ntzani, Bika, Kostapanos, & Elisaf, 2012) .
The implications of Nasopoulou et al. (2011) on OP are rather important: an alternative source of lipids (OP) can be used in aquaculture not only as a dietary lipid source but also as a source of compounds with antiatherogenic properties. These compounds can enrich the aquacultured fish (through fish feeds) and improve the nutritional value of both fish feeds and final commodity products (fish and fish products). A wide range of food with higher nutritional value could be produced using appropriate "health claims" according to EC 1924 EC /2006 .
Agricultural Potential
The main advantages of including agricultural by-products in the feeds and thus diets of animals is not only less dependency of livestock on highly expensive ingredients, such as grains, but also the reduction of costs related to waste management (Grasser et al., 1995) . In 1985, FAO has published a review on the usage of olive by-products in ruminant feeding, especially sheep and cattle feeding, where the overall result was that olive cake (OC) can be used in animal feeding without risk for survival operations, but not for an intensive type of production (Sansoucy, 1985) . It was also mentioned in that review that OC was a rough ligno-cellulose feed with high fibre and lignin contents and low crude protein contents; probably contained no toxic or inhibiting substances and induced acetic type of fermentation in the rumen, while OC's poor digestive and metabolic utilization was probably due mainly to its high degree of lignification and to the technological process for oil extraction in which it is frequently subjected to high heat (Sansoucy, 1985) .
However over the last 2 decades new scientific research has focused on: optimizing olive by-products nutritive value; characterizing and quantifying phenolic compounds and fatty acids and evaluating their potential effects on the diet, on the animal performance and product quality. A more recent review updating data available on the aforementioned issues has been conducted by Molina-Alcaide and Yáñez-Ruiz (2008) presenting recent knowledge on the inclusion of by-products from olive trees and olive oil extraction in the diets offered to goats, lambs and ewes. The authors defined three main categories of olive by-products: 1) olive leaves, which actually refers to a mixture of leaves and branches, 2) OCs, which consist of olive pulp, skin, stone and water (similar to the above mentioned OP) and 3) other by-products, such as olive pulp and olive skins as individual compounds, evaluating them with respect to their composition, digestion, ruminal fermentation, and their impact on animal performance and product quality, with focus to their fatty acid profile (Molina-Alcaide & Yáñez-Ruiz, 2008).
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Journal of Agricultural Science Vol. 5, No. 7; OC inclusion in ruminant diets, promotes different responses in rumen fermentation, depending on the method of administration and the proportion in the diet, moreover provides cheap energy and fibre to the animal, while high-fat OC may be used to improve the quality of the fat in the animal products (Molina-Alcaide & Yáñez-Ruiz, 2008).
More specific according to the reviewed data the use of olive by-products rich in oil (such as OC) in animal feed, increased the content of oleic acid (C18:1 ω-9) and the total mono-unsaturated fatty acid content in milk and reduced the content of saturated fatty acids, thus improving the lipid profile of milk. With regards to the quality of meat derived from animals partly fed on olive by-products, the overall acceptability of the meat as assessed by a taste panel, was slightly reduced compared with meat from animals receiving conventional concentrate foods, yet the impact on meat taste required further study (Molina-Alcaide & Yáñez-Ruiz, 2008 ).
The effect of OP feed on productive performance and meat quality of growing rabbits has also been studied. The nutritional quality of rabbit meat could be improved by adding a 5% concentration of OP to the standard diet. To achieve such goal, only OPs of high quality in terms of pro-oxidant/antioxidant content should be used. Specifically, OPs with a peroxide value less than 10 meq/kg and an ortho-diphenol concentration higher than 20 g/kg can guarantee a satisfactory meat oxidative stability (Dal Bosco et al., 2012) .
Moreover OP inclusion in rabbits' feeds resulted to enriching meat in monounsaturated FAs, such as oleic acid, which has recognized beneficial effects on human health, thus the authors recommended the use of OP in rabbit diet with caution, taking into account the quality of the by-product in terms of oxidative status (Dal Bosco et al., 2012) .
Another recent study evaluated the effect of two by-products of the olive oil extraction industry -olive soapstocks and OP oil -as added fat sources into feed concentrates on the chemical composition and oxidative stability of Iberian pigmeat. The obtained results showed that the added fat source had no impact on the chemical composition, colour and fatty acid composition of the pig meat (gluten biceps muscle), however, the feeding system had a significant effect on protein (p< 0.05), γ -tocopherol (p < 0.05), colour (p < 0.01) and fatty acid composition of pig meat (gluten biceps muscle) (González, Hernández-Matamoros, & Tejeda, 2012) .
In a study evaluating the effect of feeding agricultural by-products on the performance of lactating Awassi ewes, OC has been included at a level of 20% of the dry matter content of conventional diets of lactating Awassi ewes without any detrimental effects on animal performance (Shdaifat, Al-Barakah, Kanan, & Obeidat, 2013) . In detail, no significant differences have been found between OC and conventional treatment with respect to digestibility, initial body weight (BW), final BW, BW change, milk production and milk composition, except for milk fat content which tended to be greater for the conventional treatment than for the OC treatment (Shdaifat et al., 2013) .
In a similar study for lambs, the effects of different forms of OC (crude, alkali treated or ensiled OC) on growth performances and carcass quality of Awassi lambs have been studied and it was concluded that alkali treated or ensiled OC exhibited no differences compared to crude olive cake (COC) when fed to the growing Awassi lambs. Adoption this option provides the fattening industry with an inexpensive nonconventional feed ingredient and reducing the environmental pollution caused by wastes disposal in the olive industry (Omar, Daya, & Ghaleb, 2012 ). All the above mentioned studies are summarised in Tables 5 and 6 . 
Conclusions
In this review paper, the promising potential of olive by-products such as OP as a lipid source of nutrients has been highlighted by reviewing all the studies on the nutritional value of OP and its major constituents. Marine biotechnological applications of OP have been shown for the sustainable production of fish feeds. By doing so, the positive impact is multilevel: OP, instead of polluting the environment and constituting a major waste management problem, is used in the sustainable production of fish feed and thereafter aquacultured fish with higher nutritional value. Moreover olive by-products such as OC represent an important group of feed resources for ruminants in the Mediterranean areas. Several studies have been conducted in recent years, showing the potential use of this olive by-product in terms of both animal performance and product quality.
With this review paper, we wish to focus attention on the benefits of using OP in animal and fish feeds on three different levels: a) growing olive plants does not require high amounts of water (Cammalleri et al., 2010) and this fact is of crucial importance given the forecasted climate change in the Mediterranean region, b) OP and fish fed with OP have important nutritional properties against CVDs (Nasopoulou et al., 2011) and c) there is a clear environmental gain by valorizing an olive-oil industry by-product (Alburquerque et al., 2004) .
In conclusion, the use of OP in agriculture and aquaculture delivers gains at three levels and these should be evaluated in terms of water-efficiency, improved nutritional value of the final animal and fish feeds and final food and also sustainable production of animal and fish feeds (with possible decreased dependency on grains and fish oil, respectively).
